The grass Brachiaria decumbens becomes naturalized and quickly dominant in non-native areas. It was hypothesized that phytotoxic substances of plants may contribute to the domination and invasion of the plants. However, no potent phytotoxic substance has been reported in B. decumbens. Therefore, we searched for phytotoxic substances with allelopathic activity in this species. An aqueous methanol extract of B. decumbens inhibited the growth of roots and shoots of cress (Lepidium sativum), lettuce (Lactuca sativa), timothy (Phleum pratense) and ryegrass (Lolium multiflorum) seedlings. The extract was then purified using chromatographic methods and a phytotoxic substance with allelopathic activity was isolated and identified by spectral analysis as (6R,9S)-3-oxo-α-ionol. These results suggest that this compound may contribute to the allelopathic effect caused by the B. decumbens extract and may be in part responsible for the invasion and domination of B. decumbens. Two other Brachiaria species, B. brizantha and a Brachiaria hybrid were also confirmed to contain (6R,9S)-3-oxo-α-ionol. Therefore, this compound may play an important role in the phytotoxicity of the Brachiaria species.
Grass species of Brachiaria (Poaceae), native to savannas of eastern Africa, are widely cultivated in open ecosystems in tropical and subtropical areas as livestock forage [1] . Once introduced to nonnative ecosystems, Brachiaria spread and form monospecific patches. Thus, Brachiaria is considered to be very invasive [2, 3] . The characteristics of the plants, such as high rate of reproduction and growth, and phenotypic plasticity, which allow the plants to adapt to the new habitats, are important for their invasion and domination [4] [5] [6] . Some invasive plants also have phytotoxic substances that are toxic to native plant species in the new areas [7, 8] .
The high dominant capacity of Brachiaria over native species has resulted in investigations of phytotoxicity and/or allelopathy of the plants. Intercropping of corn with B. brizanta markedly decreased weed density in the corn field [9] . The extracts of soil where B. brizanta was grown inhibited germination of Panicum maximum [10] . The aqueous methanol extracts of B. brizanta inhibited the germination and growth of several plant species [11, 12] . Three phytotoxic substances with allelopathic activity have been isolated and identified from extracts of B. brizanta [12] .
Powdered B. decumbens incorporated into the soil inhibited the growth of several crop plants [13] . Aqueous extracts of B. decumbens inhibited the germination of lettuce, Phalaris canariensis and Mimosa pudica [14] . However, no potent phytotoxic substance has been reported in B. decumbens. The objective of this study was to investigate allelopathic activity of B. decumbens and to isolate and identify possible phytotoxic substances with allelopathic activity in this species.
Aqueous methanol extracts of B. decumbens inhibited root and shoot growth of cress, lettuce, timothy and ryegrass. Increasing the extract concentration resulted in an increase in inhibition ( Figure 1 ). The extract obtained from 10 mg of B. decumbens inhibited the root growth of cress, lettuce, timothy and ryegrass by 28.1, 22.3, 33.5, and 48.6%, respectively, and inhibited the shoot growth of cress, lettuce, timothy and ryegrass by 21.3, 22.3, 55.4 and 32.3%, respectively. The concentrations of the extracts required for 50% growth inhibition (I 50 ) of cress, lettuce, timothy and ryegrass, as determined by a logistic regression analysis based on the concentration response bioassay, were ranged from 0.96 to 2.28 mg B. decumbens equivalent extract per mL and from 1.19 to 2.45 mg B. decumbens equivalent extract per mL for roots and shoots (Table 1 ). The extract of B. decumbens therefore had an inhibitory effect on both dicotyledonous plants (cress and lettuce) and monocotyledonous plants (timothy and ryegrass). These results suggest that B. decumbens may contain phytotoxic substances which have allelopathic activity.
The aqueous methanol extract of B. decumbens was separated on a silica gel column and the biological activity of all fractions was determined by cress bioassay. The greatest inhibitory activity was found in the fraction obtained by elution with 70% ethyl acetate in n-hexane. This fraction inhibited the growth of cress roots and shoots by 11.5 and 13.2% in comparison with control roots and shoots, respectively, at a concentration of 30 mg plant equivalent extract per mL. This fraction was further purified by Sephadex LH-20, reverse-phase C 18 and HPLC. The biological activity of all fractions after every separation step was determined and the most active fraction in each separation step was further purified. The most active compound was finally isolated by HPLC. Comparison of the 1 H NMR spectroscopic and optical rotation data with previous reports [12, 15, 16] enabled the compound to be identified as (6R,9S)-3-oxo-α-ionol. (Figure 2 ), which has been reported previously as the aglycone of a glucoside isolated from Rubus idaeus [15, 16] , and as an allelopathic active substance from B. brizantha [12] . This compound inhibited the growth of cress seedlings at concentrations greater than 10 M; I 50 values of the substance for cress roots and shoots were 41.7 and 25.1 M, respectively. It was the most active compound found in B. brizantha [12] .
Three Brachiaria taxa were shown to contain (6R,9S)-3-oxo-α-ionol ( Figure 3 ), its concentration being greatest in the Brachiaria hybrid. The concentrations in B. brizantha and B. decumbens were not significantly different. (6R,9S)-3-Oxo-α-ionol was isolated as the most active phytotoxic substance from B. decumbens, as described above, and was also isolated from B. brizantha [12] . Therefore, (6R,9S)-3-oxo-α-ionol may play an important role in the phytotoxicity of Brachiaria species.
It has been reported that several phytotoxic substances of invasive plant species have multiple functions, such as anti-microbial, antifungal and anti-herbivore effects, which may provide the plants with advantages in the invaded areas [6, 17] . In addition, phytotoxic substances are possibly released into the neighboring environment either by the decomposition process of plant residues or by exudation from living plant tissues. Such phytotoxic substances may act as allelopathic substances which can inhibit seed germination and plant growth in the neighboring environment [18] [19] [20] . Therefore, those phytotoxic substances may yield a competitive advantage and make the plants invasive. The novel weapon hypothesis states that some invasive plant species enhance their competitive ability by releasing phytotoxic substances [21] .
In the present research, a phytotoxic substance with allelopathic activity was isolated from B. decumbens. The chemical structure of the substance was determined as (6R,9S)-3-oxo-α-ionol. These results suggest that this compound may contribute to the allelopathic effect caused by B. decumbens extract and may be in 
Extraction and bioassay: Shoots of B. decumbens (50 g dry weight)
were extracted with 500 mL of 70%, v/v, aqueous methanol for 2 days. After filtration using filter paper (No. 2; Toyo, Tokyo, Japan), the residue was extracted again with 500 mL methanol for 2 days and filtered, and the two filtrates were combined. An aliquot of the extract (final assay concentration of tested samples corresponded to the extracts obtained from 0.3, 1, 3, 10 and 30 mg dry weight of B. decumbens per mL) was evaporated to dryness, dissolved in 0.2 mL of methanol and added to a sheet of filter paper (No. 2) in a 3-cm Petri dish. The methanol was evaporated in a fume hood. Then, the filter paper in the Petri dishes was moistened with 0.8 mL of 0.05%, v/v, polyoxyethylene sorbitan monolaurate (Tween 20). Ten seeds of garden cress or lettuce, or 10 seedlings of timothy or ryegrass after germination in the dark at 25C for 36-48 h were placed in the Phytotoxicity of Brachiaria Natural Product Communications Vol. 10 (5) 2015 763
Petri dishes. The length of roots and shoots of these seedlings were measured after 48 h of incubation in the dark at 25C, and compared with control seedlings. Controls were treated exactly as described above, but with the exception that 0.2 mL methanol was used instead of B. decumbens extract. The bioassay was repeated 3 times using a randomized design with 10 plants for each determination.
Isolation of active substance: Shoots of B. decumbens (500 g dry weight) were extracted with 5 L of 70%, v/v, aqueous methanol for 2 days, and the residue was extracted again with 5 L of methanol for 2 days, as described above. The two filtrates were combined and concentrated at 40C in vacuo to produce an aqueous residue. This was adjusted to pH 7.0 with 1 M phosphate buffer and partitioned 3 times against an equal volume of ethyl acetate. The ethyl acetate fraction was evaporated to dryness and separated on a column of silica gel (100 g, silica gel 60, 70-230 mesh; Merck), eluted with 20, 30, 40, 50, 60, 70 and 80% ethyl acetate in n-hexane (100 mL per step), ethyl acetate (100 mL) and methanol (200 mL). The biological activity of all separated fractions was determined using a cress bioassay, as described above. The most active fraction was obtained by elution with 70% ethyl acetate in n-hexane. This fraction was evaporated and purified using a column of Sephadex LH-20 (100 g, Amersham Pharmacia Biotech, Buckinghamshire, UK) eluted with 20, 40, 60 and 80%, v/v, aqueous methanol (100 mL per step), and methanol (200 mL). The active fraction was eluted by 60% aqueous methanol. After evaporation, the residue was dissolved in 20%, v/v, aqueous methanol (2 mL) and loaded onto a reverse-phase C 18 cartridge (YMC Ltd., Kyoto, Japan). This was eluted with 20, 40, 60 and 80%, v/v, aqueous methanol, and methanol (15 mL per step). The active fraction was eluted by 40% aqueous methanol and evaporated to dryness. The residue was finally purified by reversephase HPLC (4.6 mm i.d. x 250 mm, Inertsil ODS-3, GL Sciences, Osaka, Japan) eluted at a flow rate of 0.8 mL min -1 with 55% aqueous methanol and detected at 220 nm. Inhibitory activity was found in 2 peak fractions eluted between 69-71 mm, yielding active compound as colorless oil. The compound was characterized by 1 H NMR spectroscopy (400 MHz, CD 3 OD) and its specific rotation. Shoots of B. decumbens, B . brizantha and Brachiaria hybrid (50 g dry weight each) were separately extracted and partitioned 3 times against an equal volume of ethyl acetate. The ethyl acetate fraction was purified by silica gel CC and passage through a reverse-phase C 18 cartridge; the active fraction was chromatographed by HPLC, as described above. Quantification of the active compound was performed by measuring its peak area on the HPLC chromatogram. The overall recovery of the compound added to the extraction before filtration was 81 ± 9% (mean ± SE) as calculated from 5 replications. The quantification was repeated 3 times independently with 3 assays for each determination. Significant differences were examined by Tukey's HDS test.
Quantification of active compound:

